Intrinsically photosensitive melanopsin-containing retinal ganglion cells (ipRGCs) control important physiological processes, including the circadian rhythm, the pupillary reflex, and the suppression of locomotor behavior (reviewed in [1] ). ipRGCs are also activated by classical photoreceptors, the rods and cones, through local retinal circuits [2, 3] . ipRGCs can be transsynaptically labeled through the pupillary-reflex circuit with the derivatives of the Bartha strain of the alphaherpesvirus pseudorabies virus(PRV) [4, 5] that express GFP [6] [7] [8] [9] [10] [11] [12] . Bartha-strain derivatives spread only in the retrograde direction [13] . There is evidence that infected cells function normally for a while during GFP expression [7] . Here we combine transsynaptic PRV labeling, two-photon laser microscopy, and electrophysiological techniques to trace the local circuit of different ipRGC subtypes in the mouse retina and record light-evoked activity from the transsynaptically labeled ganglion cells. First, we show that ipRGCs are connected by monostratified amacrine cells that provide strong inhibition from classical-photoreceptor-driven circuits. Second, we show evidence that dopaminergic interplexiform cells are synaptically connected to ipRGCs. The latter finding provides a circuitry link between light-dark adaptation and ipRGC function.
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Results and Discussion

PRV152 Labels Morphologically Distinct
Retinal-Ganglion-Cell Subtypes To transneuronally label intrinsically photosensitive melanopsin-containing retinal ganglion cells (ipRGCs) via the autonomic circuits, we injected PRV152 into the anterior chamber (AntC) of the right eye of mice ( Figure 1A ) [4, 13, 14] . After 3.5-4.5 days, we isolated the retina from the left eye (n = 36 retinas), where several ganglion cells were brightly labeled with GFP ( Figure 1B) .
Dendrites of mouse retinal ganglion cells of different morphological and physiological classes [15] [16] [17] ramify at different depths (strata) in the inner plexiform layer (IPL) [18, 19] . All of 170 analyzed GFP-expressing ganglion cells in the left retina were found to have dendrites in only two IPL strata at depths of 30% (64%) and 89% (66%). These dendritic strata were outside the two outer strata labeled by the calretinin antibody ( Figures  1C and 1D ) [20] and in the same strata specifically labeled by the melanopsin antibody ( Figures 1C and 1D ). In the brain, similar retinorecipient nuclei were labeled bilaterally ( Figure 1E ) as described in hamsters and rats [13, 21] , including the suprachiasmatic nucleus (SCN), the intergeniculate leaflet (IGL), and the olivary pretectal nucleus (OPN). The dorsal lateral geniculate nucleus (dLGN) and the superior colliculus (SC) were not labeled, even at 5 days after infection ( Figure 1E ). Ganglion cells in other retinal strata can be labeled from the superior colliculus and the primary visual cortex (V1), ruling out the possibility that only certain subtypes of ganglion cells have receptors for pseudorabies virus (PRV) (Figure S1A in the Supplemental Data available online). These experiments suggest that contralateral PRV152 infection into the AntC labels subclasses of mouse ganglion cells that project to the SCN, the IGL, and the OPN, which are known targets of melanopsin-expressing ganglion cells [22, 23] .
Three and a half to four days after virus infection, 99% (79/80 cells counted from two infected retinas) of the labeled cells were melanopsin positive, whereas the fraction among all ganglion cells is estimated at 1%-2% [24, 25] , suggesting that during the first wave of infection, almost all labeled ganglion cells are ipRGCs. However, around 5 days after virus infection, only 50% of the GFPexpressing ganglion cells were positive for melanopsin [43] . [4] . One explanation is that these non-ipRGC types also project to the SCN, IGL, and OPN, because at 5 days, the dLGN and the SC are not labeled ( Figure 1E ). An alternative explanation is that PRV spreads through gap junctions to other types of ganglion cells [24] .
The PRV-infected ipRGCs could be classified into three classes based on their depth of dendritic ramification. Figure 1F shows examples of melanopsin and GFP double-stained ganglion types. Each type could be found at all eccentricities ( Figure S1B ). Type 1 ipRGCs (n = 66) have dendrites close to the inner nuclear layer (INL), type 2 ipRGCs (n = 69) have dendrites close to the ganglion-cell layer (GCL), and type 3 ipRGCs (n = 35) are bistratified, having dendrites in the same strata as type 1 and type 2 cells ( Figure 1F ).
Common Properties of Local Circuits of PRV152-Labeled Ganglion Cells
The local circuits of the PRV152-infected ganglion cells can also be labeled. PRV152 was injected into the AntC of the right eye (n = 32 retinas) as before, but, in order to mark the cells in synaptic contact with the PRV152-infected ipRGCs, we waited 5 days before dissecting the left retina. Figure 2B ). Double labeling with melanopsin and GFP showed that Mü ller cells were indeed in close proximity to ipRGCs ( Figure 2C) . Surprisingly, however, no Mü ller-cell labeling was seen in the retina when PRV152 was injected into the V1 (Figures 2D and 2E ). In the INL, only the amacrine cells were GFP positive. This was true even at 5 days after injection into the V1, at a time when large numbers of ganglion and amacrine cells are labeled. These results suggest that Mü ller cells make specialized contacts with ipRGCs but not with ganglion cells that project to the dLGN and subsequently to the V1.
Amacrine-cell labeling is unlikely to be caused by a release of PRV particles from Mü ller cells, because infection of amacrine and Mü ller cells is temporally and spatially independent ( Figure S2 and Movie S1). Further support for the idea that amacrine labeling is caused by transsynaptic release from ganglion cells comes from the finding that retinal strata juxtaposed to the GFPpositive thin strata were not labeled ( Figure S3 ).
We find a clear difference between the number of infected amacrine and bipolar cells in the retina because very few bipolar cells become GFP-positive through PRV spread from the contralateral eye. To show that this observation in our experiments was not due to the fact that some of the labeled ganglion cells contain their own photopigments and, therefore, might lack bipolar input, we investigated retinas retrogradely labeled with PRV152 from the SC or the V1. Similar to results of tracing from the contralateral eye, very few bipolar cells were detected after SC or V1 injection (data not shown).
Other studies have also shown that melanopsinexpressing ganglion cells receive synaptic input from bipolar cells [2, 3] . This suggests that PRV152 spreads across unconventional, bipolar-to-ganglion ribbon synapses with low efficiency. Interestingly, the bipolar and amacrine-cell GFP-expression levels were the same, suggesting that differential expression from the cytomegalovirus (CMV) promoter of PRV is not the cause of inefficient bipolar labeling.
Monostratified Amacrine Cells Provide Inhibitory Input to Type 2 ipRGCs
We investigated the structure and function of the local circuit of type 2 ipRGCs. For this detailed circuit tracing, we used low-titer virus injections (10 3 plaque-forming units [PFUs] ) that yielded sparse circuit labeling to avoid confusion of circuits belonging to neighboring ganglion cells. These ganglion cells have dendrites in the IPL close to the ganglion-cell layer at 30% (64%, n = 57) depth. We made 3D reconstructions of the processes of amacrines that surrounded type 2 ipRGCs ( Figures  3A-3C , Movie S2). For amacrine cells that were farther away from the labeled ganglion cells, we made a number of overlapping confocal stacks and stitched them together ( Figures 3D and 3E ). All labeled amacrine cells studied this way (n = 20), independent of their distance from the ganglion-cell body, were monostratified in the same stratum as the type 2 ipRGCs. Although the GFP labeling of bipolar cells was rare [2, 3] , in some cases (n = 3) we could reconstruct their morphology. As expected, these bipolar cells costratified with type 2 ipRGC dendrites ( Figure 3F ). The structure of a type 2 ipRGC local circuit, based on the detailed confocal reconstructions, is summarized in a circuit drawing in Figure 3G . The local circuit consists of three cell types: a type 2 ipRGC, a type 8 bipolar cell (based on [26] ), and a monostratified amacrine cell. In this detailed morphological study, we could not use melanopsin colabeling because the GFP-labeled fine amacrine dendrites were only visible with rabbit anti-GFP, which was from the same species as the melanopsin antibody. We relied on the finding that at 5 days, non-ipRGCs were newly infected (were not present at 4 days); therefore, the spread of the virus to amacrines most probably had not yet happened. This is supported by the finding that non-ipRGCs were not surrounded by amacrine cells at 5 days (see above).
To show more direct evidence that the identified monostratified amacrine cells are indeed connected to ipRGCs, we isolated the retina at 3.5-4 days, at the time when 99% of the labeled ganglion cells are melanopsin positive. We determined the retinal coordinates of many labeled ganglion cells with two-photon microscopy and superfused the retina with oxygenated Ringers solution for an additional day. In these experiments, we used a new virus strain (see Experimental Procedures) that expressed a membrane-bound GFP that more clearly labeled the dendrites and axons. One day after isolation (5 days after infection), we fixed the retina and stained the circuit with rabbit anti-GFP antibodies and analyzed the circuits at the marked coordinates. The analyzed circuits are therefore, with 99% probability, local circuits of ipRGCs. The morphology of the labeled amacrine cells was identical to those described above ( Figure 3H) .
The labeled circuit gave very strong predictions about the direct, amacrine-cell-mediated inhibitory input to type 2 ipRGCs. In most vertebrates (except zebrafish [27] ) and in all mammalian species studied, the IPL is divided into two major regions. Strata close to the GCL (sublamina B) incorporate axon terminals of ON bipolar cells; strata close to the INL (sublamina A) embody axon terminals of OFF bipolar cells [26, 28] . Because amacrine cells receive excitation from bipolar cells, the reconstructed amacrines must receive excitation only at light ON. Most amacrines are inhibitory cells. If the type 2 ipRGCs receive inhibitory input only from the reconstructed amacrines, inhibition should arrive at light ON but not at light OFF. Inhibition at light OFF would suggest a multistratified or bistratified amacrine cell, because OFF activity should travel vertically in the IPL from sublamina A to sublamina B [29] . To test these predictions, we recorded light-evoked inhibitory currents [29] from PRV-infected, GFP-labeled, type 2 ipRGCs with the whole-cell patch clamp method in the voltage clamp configuration after 4 days of infection. As mentioned before, at that time, only ipRGCs were labeled. The resting membrane voltage was 258 mV 6 4 mV (n = 8). Inhibition in type 2 ganglion cells was only evoked at light ON (n = 10) when the retina was stimulated with a 1 mm diameter white spot ( Figure 3I ), as predicted by the structure of the PRV-labeled local-circuit elements. This finding is in strong contrast with inhibitory currents evoked in most other ON ganglion cells in the mammalian retina ( Figure 3J) ; in the rabbit retina, only one type of ON ganglion cell receives inhibition only at light ON. These results suggest that type 2 ipRGCs receive a strong, fast inhibitory input at light onset from a single morphological type of amacrine cell.
Dopaminergic Interplexiform Cells Are Synaptically
Connected to Type 1 ipRGCs Similar to type 2 ipRGCs, type 1 ipRGCs were surrounded by GFP-positive amacrine cells ( Figure 4A ). These amacrine cells had processes in the same strata as type 1 ipRGCs. Because the morphology and stratification of the labeled INL cells were very similar to those of a well-described cell subtype, the dopaminergic interplexiform/amacrine cells [30] , we triple-labeled retinas for tyrosine hydroxylase (TH), GFP, and melanopsin. Figures 4B-4E show that a number of amacrine cells around a melanopsin-and GFP-positive type 1 ipRGC ( Figure 4E ) were both GFP and TH positive. Figures  4C and 4D show that TH-positive processes and melanopsin-positive dendrites of ipRGCs cofasciculate in the IPL. These results suggest that dopaminergic cells provide synaptic input to type 1 cells. Dopaminergic amacrine cells in the mouse retina are interplexiform cells that have processes in the IPL and in the outer plexiform layer (OPL) [30] [31] [32] [33] . Five and a half to six days after contralateral virus infection, a number of horizontal cells become labeled with GFP ( Figure 4F ). The PRV labeling of horizontal cells suggests that these cells are not only postsynaptic targets [34] of but also presynaptic to dopaminergic interplexiform cells. Our previous finding that PRV152 very inefficiently passes to bipolar cells and the fact that no bipolar cells were detected in the vicinity of the labeled horizontal cells (data not shown) indicate that the virus spread from interplexiform cells to horizontal cells. (H) The same as (C), except that this amacrine cell was from an experiment where the retina was isolated at 4 days and kept in a perfusion chamber for 1 day (see main text). Scale bars represent 10 mm for all figures. (I) Light-evoked inhibitory currents from three different type 2 ipRGCs. Inhibition cannot be detected after light OFF. The currents were measured in voltage clamp at 0mV holding potential [29] . The stimulus was a 1-mm-diameter bright spot. The timing of the stimulus is indicated by black bars. (J) Light-evoked inhibitory currents from five different types of ON ganglion cells in the rabbit retina. Light evokes inhibition at both light ON and light OFF in four out of the five cell types (names shown to the right of each). The OFF response is indicated by arrows. The stimulus is the same as in (A). Scale bars represent 100 pA.
Interestingly, even after 7 days of infection, we could not detect rods or cones; this reinforced our conclusion that PRV152 very inefficiently crosses ribbon synapses.
Dopamine is a neurotransmitter that is in the retina and controls light adaptation [35] . Dopaminergic cells of the mouse retina are GABAergic [30] . These cells make conventional synapses and also release neurotransmitters extrasynaptically [35] [36] [37] . Our study suggests that dopaminergic cells are in synaptic contact with type 1 ipRGCs. The synapse between dopaminergic cells and ipRGCs are GABAergic, dopaminergic, or both. It is possible that, similar to the synapse between dopaminergic cells and AII amacrine cells [37] , both GABA and dopamine are released, but the postsynaptic receptors are positioned at different distances from the release site. In either case, however, the synaptic contact between interplexiform cells and ipRGCs suggests that the activity of dopaminergic cells synaptically influences the activity of and/or gene expression in ipRGCs.
Recent studies suggested that the dopaminergic system, which controls light-dark adaptation, strongly influences the circadian rhythm [38] [39] [40] [41] [42] . Our results suggest a circuitry link between light-dark adaptation and ipRGC function. 
